Plant specialized metabolites are ecologically specialized, mostly lineage-specific 16 molecules whose chemical diversity has been exploited by humans for medical, 17 agriculture, and industrial applications. The mechanisms that gave rise to these 18 phenotypic novelties are unclear, particularly those involving the co-option of recently 19 duplicated genes into functional modules. Here, we show that a LINE retrotransposon 20 (EPCOT3) is responsible for the recruitment of newly duplicated gene CYP82C2 into 21 the WRKY33 regulon and the indole-3-carbonylnitrile (ICN) biosynthetic pathway. 22
Plant secondary or specialized metabolites are essential for plant survival in complex 38 environments and collectively number in the hundreds of thousands. The genetics and 39 epigenetics of chemical diversity in plant specialized metabolism remain unclear. Here, 40
we describe an expansion of the core interactions between an ancient transcription 41 factor and its target biosynthetic genes by mobile genetic elements that disseminate 42 transcription factor binding sites in the genome and undergo chromatin remodeling to 43 become transcriptional enhancers. The extended interactions led to the biosynthesis of 44 a species-specific antimicrobial metabolite important for plant survival. Our findings 45 contribute to a growing understanding of chemical innovation, a critically important but 46 poorly understood process in evolutionary biology. 47
whereas ETI involves the cytosolic perception of effectors. Although ETI results in the 93 formation of more rapid and robust pathogen-specific response (Jones & Dangl, 2006) , 94 both result in the ability of naïve host cells to generate, through non-self perception and 95 subsequent transcriptional reprogramming, specialized metabolites necessary for 96 pathogen defense (Hammerschmidt, 1999; Mansfield, 2000; Clay et al., 2009) . 97 98 Pathogen-inducible specialized metabolites can be synthesized de novo in the plant in 99 an active state (phytoalexins) or constitutively as precursors that become activated 100 triggers the biosynthesis of phytoalexins 3-thiazol-2'yl-indole (camalexin) and 4-106 hydroxyindole-3-carbonylnitrile (4OH-ICN) (Tsuji et al., 1992; Bednarek et al., 2009; 107 The indole glucosinolate, camalexin and 4OH-ICN biosynthetic pathways share the 116 conversion of Trp to indole-3-actetaldoxime (IAOx) via the genetically redundant P450 117 monoxygenases CYP79B2 and CYP79B3 ( Fig. 1a) (Zhao et al., 2002; Glawischnig et 118 al., 2004; Rajniak et al., 2015) . The camalexin and 4OH-ICN pathways share the 119 conversion of IAOx to indole-3-cyanohydrin (ICY) by partially redundant P450s 120 CYP71A12 and CYP71A13 ( Fig. 1a) (Nafisi et al., 2007; Klein et al., 2013; Rajniak et 121 al., 2015) . CYP71A13 and CYP71B15/PAD3 catalyze further reactions, leading to 122 camalexin production, whereas the flavin-dependent oxidase FOX1/AtBBE3/Re-Tox1 123 and P450 CYP82C2 convert ICY to 4OH-ICN ( Fig. 1a) (Nafisi et al., 2007; Böttcher et 124 al., 2009; Rajniak et al., 2015) . 125 effector avrRpm1 (Psta) (Qiu et al., 2008) . WRKY TFs bind to the W-box core motif 137
[TTGAC(T/C)] and require additional motifs to encode binding specificity (Rushton et al., 138 2010; Liu et al., 2015) . WRKY33 has been shown recently to preferentially bind W-139 boxes that are within 500nt of the motif [(T/G)TTGAAT] (hereafter referred to as the 140 WRKY33-specific motif) in response to B. cinerea (Liu et al., 2015) . 141 142 Here, we show that 4OH-ICN is an A. thaliana-specific metabolite that is preferentially 143 metabolized under ETI conditions, displays WRKY33-dependent intraspecific variation, 144
and is directly correlated with the insertion of a WRKY33-binding LINE retrotransposon 145 sequence (EPCOT3) upstream of CYP82C2. Phylogenetic and epigenetic analyses of 146 related TEs reveal that the preferred WRKY33 binding sequence on EPCOT3 likely 147 formed pre-insertion, and that chromatin remodeling occurred post-insertion, leading to 148 EPCOT3's co-option as a CYP82C2 enhancer. EPCOT3 likely contributed to the 149 expansion of an ancient core regulon in specialized metabolism to accommodate a 150 clade/species-specific innovation within the conserved framework of pathogen-inducible 151
Trp-derived metabolism. 152
153

Results
154
4OH-ICN is specific to ETI 155
To identify the major Trp-derived specialized metabolites induced under ETI in A. camalexin, and ICN are synthesized in response to multiple PTI elicitors, whereas 4OH-173 ICN biosynthesis is specific to ETI. 174 175 WRKY33 required and sufficient to activate 4OH-ICN 176 4OH-ICN biosynthetic genes are highly co-expressed with each other (Rajniak et al., 177 2015) and with camalexin biosynthetic genes (SI Appendix, Fig. S1d ), which are in the 178 and 4OH-ICN levels between wild-type and a wrky33 loss-of-function mutant that 181 encodes two differently truncated proteins ( Fig. 2a ; Zheng et al., 2006) . Consistent with 182 a previous report (Qiu et al., 2008) , wrky33 was impaired in camalexin biosynthesis in 183 response to Psta and Pst carrying the ETI-eliciting pathogen effector avrRps4 (Pst 184 avrRps4) ( Fig. 2b; SI Appendix, Fig. S2a ). The wrky33 mutant was similarly impaired 185 in 4OH-ICN biosynthesis ( Fig. 2b; SI Appendix, Fig. S2a 
Intraspecific variation in WRKY33 affects 4OH-ICN and immunity 199
Intraspecific variation in TFs can contribute to gain or loss of phenotypes, such as 200 branching in maize (Studer et al., 2011) closely resembled those between Col-0 and wrky33 mutant ( Fig. 2b, SI Appendix, Fig.  214 S2e). These results led us to hypothesize that genetic variation in a regulatory gene, as 215 opposed to an immune signaling gene, is responsible for the metabolite phenotypes 216 observed in Di-G. To test this hypothesis, genetic variation between Di-G and three 217 sequenced Landsberg accessions (La-0, Ler-0, and Ler-1) were used to identify 354 218 genes that were differentially mutated to high effect in Di-G (SI Appendix, Fig. S2g) . 219
Twenty-eight of these mutated Di-G genes were annotated by Gene Ontology to have 220 roles in defense, including WRKY33 (SI Appendix, Table S1 ). We confirmed by Sanger 221 sequencing that Di-G WRKY33 harbors a nonsense mutation early in the N-terminal 222 DNA-binding motif ( Fig. 2a) , likely abolishing protein function. Our findings indicate that 223 camalexin and 4OH-ICN are sensitive to intraspecific variation in WRKY33.
Pst infection reduces plant fitness (Kover & Schaal, 2002) , and camalexin and 4OH-ICN 226 promote plant fitness by contributing non-redundantly to disease resistance to Pst 227 (Rajniak et al., 2015) . To confirm that disease resistance to Pst is also sensitive to 228 intraspecific variation in WRKY33, we measured bacterial growth in adult leaves of 229 wkry33 and Di-G and their respective (near-)isogenic accessions Col-0 and Ler-1. 230 wrky33 and Di-G were more susceptible to Pst than their (near)isogenic relatives and 231 comparable to the 4OH-ICN biosynthetic mutant cyp82C2 ( Fig. 2c ; Rajniak et al., 232 2015) . In addition, induced expression of WRKY33-flag restored wild-type levels of 233 resistance in wrky33 (Fig. 2c) . Together, our results support a specific role of WRKY33 234 in antibacterial defense as an activator of Trp-derived specialized metabolism. 235
236
WRKY33 activates 4OH-ICN biosynthesis 237
To confirm that the 4OH-ICN biosynthetic pathway is in the WRKY33 regulon, we first 238 Interestingly, Psta-induced WRKY33 did not bind to the W5 region upstream of 262 CYP82C2 (Fig. 3c) , a W-box region that does not contain any WRKY33-specific motifs 263 and is just upstream of neighboring gene of unknown function At4g31960 (Fig. 3b) . 264 In A. thaliana, CYP82C2 resides in a near-tandem cluster with paralogs CYP82C3 and 285 CYP82C4 (Fig. 4b) . We performed phylogenetic and syntenic analyses to identify 286 putative CYP82C2 orthologs in ICN-synthesizing species. All identified homologs are 287 syntenic to CYP82C2 or CYP82C4, and encode proteins with >88% identity to one 288 another ( Fig. 4b; SI Appendix, Figs. S4b-c) . CYP82C3 is present only in A. thaliana, and although more similar to CYP82C2 than CYP82C4 in sequence, it is not functionally 290 redundant with CYP82C2 ( Fig. 4b ; SI Appendix, Fig. S4b ; Rajniak et al., 2015) . 291 CYP82C4 is required for the biosynthesis of sideretin, a widely-conserved 292 phenylalanine-derived metabolite required for iron acquisition (Rajniak et al., 2018) . . 5a ). EPCOT3 in particular is a 240nt region that completely 349 encompasses W4 (Fig. 5a) Table S3 ; Wright et al., 1996) . EPCOT3-related LINEs were 366 sorted into two groups roughly correspondent to their phylogenetic placement: 367 EPCOT3-LIKE (EPL) for those with high identity (>65%) to EPCOT3 and Ta22 or Ta22-368 LIKE (Ta22L) for the remainder (SI Appendix, Fig. S5a ; Table S3 ). Only Ta22 and 369
Ta22L1 are full-length LINEs (Fig. 5c) , presumably encoding the proteins necessary for 370 their own transposition and for the transposition of nonautonomous family members like 371 EPCOT3. We also identified two syntenic species-specific Ta22Ls, but no EPLs, in A. 372 lyrata (SI Appendix, Table S3 ). Given the 80% overall sequence identity between A. 373 thaliana and A. lyrata (Hu et al., 2011) , this data indicates that EPCOT3 and EPLs 374 arose from retrotransposition following the speciation of A. thaliana. 375 box and WRKY33-specific motif, whereas EPL2 is less similar (67%) and lacks the 378 WRKY33-specific motif ( Fig. 5c; SI Appendix, Table S3, Fig. S5a ). EPL1 and EPL2 379 are much less truncated than EPCOT3 (Fig. 5c) , and lack epigenetic signatures typical 380 of cis-regulatory sequences (SI Appendix, Fig. S5c ) (Roudier et al., 2011; Liu et al., 381 2018) . To investigate whether the sequence information and chromatin features 382 associated with EPLs are sufficient for WRKY33 binding, we tested for WRKY33 binding 383
to EPL sequences homologous to the W4 region of EPCOT3 in dex-treated, Psta-384 infected wrky33/DEX:WRKY33-flag plants by ChIP-(q)PCR. Compared to EPCOT3 385 ( Fig. 3c) , WRKY33 respectively bound weakly or not at all to EPL1 and EPL2 (Fig. 5d ; 386 SI Appendix, Fig. S5d ). Our findings suggest the following history: (1) EPL1 likely 387 retroduplicated from EPL2 or its progenitor, which already contained a W-box; (2) EPL1 388 then acquired a WRKY33-specific motif by mutation; (3) EPCOT3 likely retroduplicated 389 from EPL1 and then acquired epigenetic signatures of an enhancer, thereby allowing 390 selection to act on standing variation rather than de novo mutation for CYP82C2 391 recruitment into the 4OH-ICN biosynthetic pathway. increased disease resistance to a bacterial pathogen. This is to date the first report of a 408 recent TE exaptation event that resulted in a clade-specific expansion of a core regulon 409 in plant specialized metabolism. 410
411
Although the EPL1/EPCOT3 progenitor retrotransposed a preferred WRKY33 TFBS in 412 the form of EPCOT3 upstream of CYP82C2, a further series of epigenetic modifications 413 were needed to facilitate optimal access of EPCOT3 by WRKY33. EPL1 exists in a 414 silenced heterochromatin state (SI Appendix, Fig. S5c) , typical for TEs (Slotkin & 415 Martienssen, 2007), and is bound weakly by WRKY33 (Fig. 5d) , whereas EPCOT3 is in 416 an open chromatin state ( Fig. 5b ; Roudier et al., 2011; Liu et al., 2018) and bound 417 strongly by WRKY33 (Fig. 3c) . The more severe 5'-truncation of EPCOT3 could 418 account for its release from TE silencing mechanisms, and the initially weak WRKY33 419 binding could provide a 'seed' for chromatin remodelers to drive the exaptation of newly Ler-0 (SI Appendix, Fig. S2f) . These findings open the possibility that Di-G is not a 447 natural accession but an artificially-derived Ler-0 wrky33 mutant. homologous sequence, previously known WRKY33 TFBSs (diamonds) and ChIP-tested 798 
